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The possibility of making an object invisible for detectors has become a topic of considerable inter-
est over the past decades. Most of the studies so far focused on reducing the visibility by reshaping
the electromagnetic scattering in the spatial domain. In fact, by manipulating the electromagnetic
scattering in the time domain, the visibility of an object can also be reduced. Importantly, unlike
previous studies on phase-switched screens and time-varying metasurfaces, where the effect is nar-
row band due to the dispersive resonance, for microwave frequency range, we introduce a broadband
switchable metasurface integrated with PIN diodes. The reflection phase of the metasurface can
be changed by approximately pi over a fractional bandwidth of 76%. By modulating the metasur-
face quasi-randomly in the time-domain, the incident narrow-band signal is spread into a white
noise-like spectrum upon reflection, creating a spectral camouflage. The broadband feature of the
proposed time-varying metasurface can provide practical insight for various applications including
radar stealth and ultrawide-band wireless communication.
I. INTRODUCTION
We see an object when the electromagnetic signal, ei-
ther emitted or scattered, is detected and distinguished
from the background noise. To reduce the visibility of an
object, we need to minimize the wave energy that prop-
agates in the directions of the detectors. Traditionally,
this has been realized by absorbing the incoming elec-
tromagnetic wave using absorbing coating materials, or
redirecting the scattered wave via a deliberate design of
the object’s geometry or the morphology of the coating
material [1, 2].
Recent developments in metamaterials and metasur-
faces have shown their tremendous capabilities in manip-
ulating the propagation and scattering of electromagnetic
waves [3–6], extending previous studies on frequency-
selective surfaces [7, 8], blazed gratings [9, 10] and
phased-array antennas [11, 12]. These developments also
offer alternative concepts and platforms for reducing the
visibility of objects. The most intriguing approach is to
utilize the concept of transformation optics to construct
a metamaterial cloak that can bend the incoming elec-
tromagnetic wave around the object such that the scat-
tered waveform seems unperturbed [13–15]. Meanwhile,
more practical approaches based on metasurfaces have
been developed, including ultra-thin absorbers [16–19]
and diffusers [20–22] that can reduce the radar cross sec-
tion (RCS) of the object. The device performance can be
further tuned or switched using tunable metasurfaces [23–
25]. Being able to fabricate flexible metasurfaces further
extends the scope for potential applications [21, 26].
In a typical radar detection process, the object’s scat-
tered signals are analyzed in the frequency domain, and
its distance and motion information can be retrieved
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FIG. 1. (a) Schematic of radar detection of a moving ob-
ject. The coordinate of (k, ω) represents the power density
distribution of the signal S in the momentum domain k and
the spectral domain ω. Si and Sr are the incident and the
back-scattered signal, respectively. For a moving object with
a homogeneous and static coating layer, represented by the
metasurface impedance ZM , the power density of the back-
scattered wave experiences a Doppler shift. (b) For an ob-
ject coated with randomly distributed space-varying coating
ZM (x), the back-scattered power density is spread in the mo-
mentum domain. (c) For an object coated with time-varying
coating ZM (t), the scattered power density is spread in the
spectral domain as sidebands. (d) The power density at side-
band frequencies can be further suppressed using space-time-
varying coating ZM (x, t).
from the Doppler spectral features (Fig. 1a) [27]. Ex-
isting methods for reducing objects’ visibility are mainly
based on manipulating the wave in the spatial domain.
For example, the momentum of the propagating inci-
dent wave is largely converted into fast-decaying evanes-
cent waves after the wave interacts with metasurface ab-
sorbers. While a metasurface diffuser can spread the
momentum of the incoming wave into a broad spec-
trum (Fig. 1b), thus reducing the power density of the
ar
X
iv
:2
00
2.
00
69
4v
1 
 [p
hy
sic
s.a
pp
-p
h]
  2
4 N
ov
 20
19
2reflected signal.
From the space-time analogy for electromagnetic
waves, it is natural to ask if an object’s visibility can
also be reduced by manipulating the scattering signal
in the time domain. Just like a space-varying metasur-
face diffuser, a time-varying metasurface can, in prin-
ciple, achieve the same goal by spreading the power of
scattered waves over a broad spectral domain (Fig. 1c).
More importantly, for radar detection, if the scattered
signal is severely modulated before it is detected, it be-
comes highly challenging to retrieve the object’s informa-
tion reliably without the prior knowledge of the modula-
tion. For example, Doppler illusion (signature distortion)
can be realized by shifting the scattered frequency to one
or more new frequencies via a periodic modulation of the
surface impedance [28–30].
Indeed, this concept is closely related to spread-
spectrum communication [31], and its potential for
stealth technology has been explored in the context of
phase-switched screens [32–38]. The concept can be re-
alized by modulating the reflection phase of a Salisbury
screen between pi and 0 to spread the power efficiently
from the carrier frequency to the sidebands [32, 35]. Re-
cent development in time-varying metasurfaces and an-
tenna arrays further enriches the physics and applica-
tions of such time-varying systems [28, 39, 40], including
efficient frequency conversion and dynamic beam shap-
ing [28–30, 41], nonreciprocal wave controls [42–45], and
new architectures of wireless communications [29, 46–48].
However, existing design of phase-switched screens and
tunable metasurfaces can only offer a pi phase shift within
a narrow frequency band due to the dispersive nature of
the resonance [29, 33, 38]. From the practical point of
view, it is highly desirable that the surface can offer a pi-
phase switch over a broad frequency band. In this work,
we show a design of switchable metasurface with inte-
grated PIN diodes, which can achieve a reflection phase
tuning of around pi over a wide frequency band. By mod-
ulating this broadband switchable metasurface in a quasi-
random fashion, the incident narrow band signal can be
transformed into a broadband noise-like spectrum upon
reflection, creating a spectral camouflage. Our designed
metasurfaces offer a wider bandwidth and larger angular
tolerance compared to previous works on phase-switched
screens and time-varying metasurfaces. The reflected
power level at the carrier frequency can be suppressed to
below −10 dB over a fractional bandwidth of 76%, and
the performance can be maintained over a wide range of
incident angles. In addition, the presented mechanism
allows for latency-free dynamic RCS manipulation [49],
which can enable target features transformation in ar-
bitrary fashion and make identification of the target by
conventional radar systems significantly harder.
FIG. 2. (a) Schematic of the broadband switchable meta-
surface. The top metasurface contains PIN-didoes, which
can be switched by the bias signal U˜ . The additional metal
plate below the bias electrodes serves as the ground plane.
The substrate material is Rogers RO3003, with a thickness
h = 6.35mm. The inductors serve as low-pass filters for the
modulation signal and have an inductance of 100 nH. The di-
ameter of the via-holes is 1 mm. (b) The geometries of the top
metasurface (units in mm): p = 13, a = 10, b = 1.5, wa = 0.8,
wb = 0.45, g = 1. (c) The equivalent circuit of the PIN-diode
(SMP1345-079LF, Skyworks Solutions Inc): Ls = 0.7 nH,
Rs = 2 Ω, Cj = 0.15 pF, CS = 0.18 pF. (d) The electric field
distributions of the two modes supported by the meta-unit.
The field amplitude has been normalized to the incident field
Ei. The white arrows indicate the flow of the surface current.
II. RESULTS
The metasurface unit (dubbed meta-unit below) de-
sign is based on a metallic resonator printed on a Rogers
RO3003 substrate, backed by a ground plane, as shown in
Fig. 2a. We combine full-wave and circuit simulations to
design the meta-unit using CST Microwave Studio, with
periodic boundary conditions in the lateral directions and
a plane-wave excitation in the normal direction. The
four-fold rotational symmetry of the top layer pattern
is chosen to achieve polarization-independent response,
and their detailed geometries are given in the caption
to Fig. 2b. PIN-diodes (SMP1345-079LF, Skyworks So-
lutions Inc) [50] are employed as the tunable elements,
with their equivalent circuit model shown in Fig. 2c. The
top metallic patterns are connected to the bottom elec-
trodes through the via holes such that the diodes can
be modulated with a voltage signal U˜ . The flat metal
ground plate is attached to the bottom electrodes, with
an insulation layer between them (Fig. 2a). The meta-
units can support two resonant modes (see Fig. 2d): one
has a dipole-like current distribution (mode I), and the
other has a toroidal like current distribution (mode II).
The resonant frequencies of the two modes shift when
3the PIN diodes are switched from state “On” to state
“Off”, as shown by the linear reflection spectra in Fig. 3a
and 3b. The reflection amplitude is not unit due to the
resonant absorption in the metasurface. Assuming that
the metasurface is switched between the “On” and “Off”
states in a time-varying fashion, the spectra of the inci-
dent signal si(t) and the modulated reflected signal sr(t)
can be obtained via a Fourier transformation
si(ω) = F [si(t)], (1)
sr(ω) = F [r(t)si(t)]. (2)
In our study, the bandwidth of modulation is much
smaller than the resonant bandwidth of the metasurface
and the incident carrier frequency ω0. Thus, the time-
varying reflection coefficient can be approximated with
r(t) = ron(ω0) when the voltage signal U˜(t) = 1, and
r(t) = roff(ω0) when U˜(t) = −1. The time-averaged
reflection coefficient at the carrier frequency ω0 is then
given by
rave(ω0) =
sr(ω0)
si(ω0)
= Dron(ω0) + (1−D)roff(ω0), (3)
where D is the percentage of time (duty cycle) when the
metasurface is in the state “On”. When D ≈ 0.5, a pi
phase difference between ron and roff allows them to in-
terfere destructively in time such that the time-averaged
amplitude |rave(ω0)| → 0.
To maximize the bandwidth of operation and the tun-
ing range of reflection, the geometries of the meta-units
are judiciously optimized such that the phase difference
between ron and roff can be maintained around pi over
a broad frequency range (Fig. 3d). For a duty cycle
D = 0.5, in order to suppress the reflection at the car-
rier frequency to below −10 dB, i.e. |rave(ω0)|2 < 0.1,
we found that the relative phase change should satisfy
143◦ < |∠ron − ∠roff | < 217◦. Figure 3c shows the
time-averaged reflection spectrum of rave(ω0) for differ-
ent values of duty cycle D. We clearly see that the time-
averaged reflectivity can be tuned substantially by chang-
ing the duty cycle D. When D increases from 0 to 0.5,
a 10 dB change of the reflection can be achieved over a
76% fractional bandwidth, from around 3.4 GHz to 7.6
GHz (Fig. 3c), which is significantly larger than previ-
ous designs based on a single resonance [29, 33]. The
positions of the four dips shown in the curve of D = 0.5
directly correspond to the frequency points where a pi
phase difference occurs, as shown in Fig. 3d. This broad-
band feature can be maintained even under a large angle
of incidence with an improved design of the bias elec-
trodes. For more detailed discussion on the performance
under oblique incidence, see Appendix A.
The broadband feature of our metasurface allows the
object to be hidden more effectively from a wide range of
detectors including frequency-agile radars. Ultimately,
an object becomes untraceable if the Doppler spectral
features are submerged in the background noise. To
achieve this goal, the metasurface needs to be modulated
FIG. 3. (a) and (b) Linear reflection spectra of the metasur-
face in “on” and “off” states under a plane-wave excitation
at normal incidence. The circles and triangles indicate the
frequencies of the two resonant modes shown in Fig. 2d. The
corresponding reflection phase difference between states “on”
and “off” is shown in (d). (c) The time-averaged reflectance
at the carrier frequency f0 = ω0/(2pi) for different modulation
duty cycle D. A 10 dB change in the reflection power can be
achieved over a fractional bandwidth of 76% by varying the
duty cycle D.
with a quasi-random signal, such that the energy of the
back-scattered wave can be redistributed evenly across
a wide spectral range to create a white-noise like side-
band spectrum within the filter bandwidth of the radar
system. When most of the energy from the carrier fre-
quency is converted to the sidebands, from energy conser-
vation, one can estimate that the average power level of
the generated sideband noise should satisfy the following
approximate relation:
|sr(ω 6= ω0)|2 ≈ Γi/Γm|si(ω0)|2, (4)
where Γi and Γm are the bandwidths of the incident and
modulated reflected signals.
As an example, we employ a bandwidth-limited (<
100 MHz) quasi-random binary signal to modulate an
infinitely large homogeneous metasurface. The incident
signal si(t) is a rectangular pulse train:
si(t) = sin(ω0t)rect(t/Tp), (5)
which has a pulse duration of Tp = 15 µs (Fig. 4a). To
show the broadband features of the metasurface, six car-
rier frequencies [ω0/(2pi) = 3.0 GHz, 3.59 GHz, 5.00 GHz,
6.15 GHz, 7.5 GHz, 8.0 GHz] are employed simultane-
ously within the 15 µs-long pulse. The lowest and high-
est frequencies are located outside the -10 dB operational
frequency band shown in Fig. 3c, while the rest four are
all within the operational band. When there is no mod-
ulation applied, the intensity of the reflected signal from
4FIG. 4. (a) The incident signal of a radar pulse train that
has a period of pulse repetition of 30 µs and a pulse duration
of 15 µs. To show the broadband effect, six carrier frequen-
cies (3.0 GHz, 3.59 GHz, 5.00 GHz, 6.15 GHz, 7.5 GHz, 8.0
GHz) are employed simultaneously. (b) The spectrum of the
reflected signal from a static metasurface. (c) A section of the
bandwidth-limited (< 100 MHz) random square-wave signal
used to modulate the metasurface. (d) The spectrum of the
reflected signal from the randomly modulated metasurface.
(c) A section of the periodic (50 MHz) square-wave modula-
tion signal and (d) the spectrum of the reflected signal from
a periodically modulated metasurface.
the metasurface is high, and only the carrier frequencies
can be observed (Fig. 4b). Once a quasi-random modula-
tion is applied (Fig. 4c), the energy of the original narrow
band signal is spread into a noise-like spectrum centered
around the carrier frequencies (Fig. 4d). For the four fre-
quencies within the operational band, the reflected power
levels at the carrier frequencies are suppressed to below
−24 dB, and the average level of the sideband noise is
around −30 dB. In contrast, the reflection power lev-
els of the two frequencies outside the operational band
remain very high due to the low energy conversion effi-
ciency from the carrier waves to the sidebands. As a com-
parison, when the metasurface is modulated periodically
(Fig. 4e), the reflected spectrum shows distinct sideband
features at discrete frequencies centered around the car-
rier frequencies (Fig. 4f). Within the -10 dB operational
band, the peak power level of the sidebands is around
20 dB larger than the one obtained using quasi-random
modulation.
Note that for the carrier frequencies, the achievable
minimal reflection is limited by the non-ideal pi phase
difference between ron and roff , as indicated by Eq. (3).
While for the sideband frequencies, a further reduction
of the power level can be realized if the bandwidth of
the random modulation is increased (i.e. to increase
Γm), or a longer pulse is employed (i.e. to decrease Γi),
as can be inferred from Eq. (4). In order to achieve a
high-performance spectral camouflage, i.e. the reflection
power level is suppressed significantly (ideally below the
background noise level) at both the carrier and sideband
frequencies, it requires that the phase switch is close to pi
and that the modulation bandwidth is much larger than
the incident one.
However, in practical applications, there could be situ-
ations where the modulation frequency is comparable to
or even smaller than the incident signal bandwidth. In
these scenarios, although the reflection power level can
not be reduced significantly, the reflected Doppler signal
is still severely distorted in both amplitude and phase,
mimicking a white noise spectrum. Such a distortion can
impose a significant challenge for radar signal processing
if the detection side does not possess the prior knowledge
of the modulation sequence. For more detailed studies
on the stealth application of phase-switched screens, see
Refs. [36, 37].
Finally, we extend the analysis to finite arrays and
analysis their performance for RCS control. In Fig. 5,
we examine the performance of scattering suppression
in a space-varying static metasurface (Fig. 5b), a homo-
geneous time-varying metasurface (Fig. 5c and e), and
a space-time-varying metasurface (Fig. 5d and f). The
size of the array is 30 by 30 units, and they are excited
evenly with a normally incident plane wave. The mo-
mentum distribution of the back-scattered wave for the
finite array can be approximated by
sr(kx, ky, ω) = E(kx, ky)×
∑
mn
sr,mn(ω)e
i(kxxmn+kyymn),
(6)
where E(kx, ky) is the radiation pattern of a single meta-
unit (element factor), and sr,mn(ω) denotes the local
contribution of the back-scattered signal from meta-unit
(m,n). Here, we assume that the change of mutual in-
teraction in the finite and inhomogeneous array is small,
and that the local response of the meta-unit can still be
approximated by the response from the periodic array.
The random distribution of sites “1” and “-1” shown
in Fig. 5a indicates that the meta-units at these two sites
are oppositely biased. This random pattern is employed
for space-varying and space-time-varying modulation. To
achieve this pattern, one can simply reverse the direction
of the PIN-diodes at sites “1” with respect to sites “-
1”, such that the reflected signals from the two sites are
modulated in an anti-phase fashion.
The back-scattered power density distributions |sr|2
shown from Fig. 5b to f have been normalized to the
peak power density from a homogeneous static metasur-
face, which is highly reflective. For a space-varying static
metasurface, the level of back-scattered power density at
the carrier frequency ω0/(2pi) = 5 GHz is suppressed
5FIG. 5. (a) Space-varying pattern of a finite-size (30 by 30
units) metasurface. (b) The scattering power distribution in
the momentum space from a static space-varying metasurface
(MS) at the carrier frequency ω0/(2pi) = 5 GHz. The scatter-
ing power distribution at (c) the carrier frequency ω0/(2pi) =
5 GHz and (e) one of the sidebands ω′/(2pi) = 5.08 GHz, when
only time-varying modulation is applied to a homogeneous ar-
ray. The corresponding responses under space-time-varying
modulation are shown in (d) and (f).
to below −23 dB by redistributing the scattered power
evenly in the momentum domain (Fig. 5b). For a homo-
geneous time-varying metasurface, only specular reflec-
tion is expected, and the momentum distribution of the
back-scattered signal are similar at the carrier frequency
(Fig. 5c) and the sidebands (Fig. 5e). The small side
lobes are due to the finite size of the metasurface. Nev-
ertheless, a −24 dB reduction at the carrier frequency is
obtained, consistent with the result of an infinitely large
time-varying array shown in Fig. 4d.
Interestingly, when space and time modulations are ap-
plied simultaneously, the peak reflected power at the car-
rier frequency only reduces slightly to −27 dB (Fig. 5d).
This is because the time-varying modulation signal em-
ployed in Fig. 5c and d is already nearly optimal, even
though the modulations at sites “1” and “-1” are out of
phase, their time-averaged contributions at the carrier
frequency are largely the same, with minor phase differ-
ence. As a result, the space-varying pattern does not
have a large impact on the carrier frequency. In con-
trast, the phases at sideband frequencies have a gauge
freedom controlled by the modulation [28]. Therefore,
the sidebands experience additional phase difference at
sites “1” and “-1” due to the anti-phase modulation. As
shown in Fig. 5f, when space-varying modulation is intro-
duced, the scattered power at sidebands is further spread
in the momentum domain and the peak power density is
reduced to below −56 dB.
III. DISCUSSION AND CONCLUSION
The double resonance of the designed meta-units pro-
vide the physical foundation for the broadband opera-
tion. The reflection suppression at the carrier frequency
is limited by the non-ideal pi phase change, as shown in
Fig. 3d. We expect that this problem can be minimized
with more sophisticated designs, for example, by inter-
leaving meta-units that have different resonant frequen-
cies to compensate the dispersion. We also note that the
current operational bandwidth is still smaller than the
maximal bandwidth allowed for a static absorber that
has the same thickness [51], and we believe a further ex-
pansion of the operation frequency band is possible when
additional resonances are introduced.
In order to achieve the best performance, it’s also im-
portant to minimize unnecessary losses. As shown in
Fig. 3c, since dynamic controls of radar cross section is
an important feature of the time-varying approach, ex-
cessive loss will affect the dynamic range of the modu-
lation. In addition, since loss can affect the amplitude
of reflection around the resonance, when excessive loss
exists, the reflection amplitudes in “on” and “off” states
become highly imbalanced, and the broadband feature of
the reflection suppression effect can also be affected.
To conclude, we proposed a novel design of switchable
metasurface at the microwave frequencies, which can pro-
vide a phase change around pi over a broad frequency
band. We demonstrated numerically that by modulat-
ing the metasurface in a quasi-random fashion, the inci-
dent narrow band signal can be spread into a broadband
white-noise like spectrum. We further examined the be-
havior in a finite array, showing that the back-scattered
power at the sidebands can be further suppressed by ap-
plying a space-varying modulation. Our study can pro-
vide a practical insight for the development of broad-
band phase-shift screen, benefiting applications ranging
from radar stealth to ultra-wideband wireless communi-
cation. By enabling multiple resonances, we show the
pathway to achieve the maximum possible bandwidth
in the time-varying metasurface system, which is also
multi-functional as the same metasurface can be used to
perform a variety of functions, such as frequency conver-
sion, beam steering, filtering, etc., in addition to the ex-
emplary spectral camouflage shown in this work. These
6functions can be switched on the fly, and such perfor-
mance flexibility certainly can not be achieved in simple
static absorbers. Such hardware sharing will ultimately
lead to significant size and weight reduction in compar-
ison to the systems where dedicated hardware is used
for each function. The proposed concepts can be readily
applied to other frequency ranges once the fast tunable
metasurfaces are available in those frequency ranges.
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Appendix A: Design and performance under oblique
incidence
The design shown in Fig. 2a is optimized for the
polarization-independent response under normal inci-
dence. The performance under oblique incidence depends
on the polarization and the angle of incidence. We found
that the design shown in Fig. 2a is not the optimal for
oblique incidence since additional sharp resonances ex-
ist when the metasurface is excited by the transverse
magnetic (TM) polarization, damaging the broadband
response. These resonances are surface modes supported
by the network of vias and electrodes, which are dark
modes at normal incidence. One way to suppress these
undesirable sharp resonances is to introduce additional
loss.
As an example shown in Fig. 6a, we integrate ad-
ditional 15 Ω resistors to the bottom electrodes, while
all other geometric parameters of the top layer remain
the same as the ones shown in Fig. 2a. With the im-
proved design of bias electrodes, we re-simulate the per-
formance of the time-varying metasurface at oblique in-
cidence for both transverse electric (TE) and transverse
magnetic (TM) polarizations. For a modulation duty
cycle D = 0.5, the time-averaged reflectance spectra at
the carrier frequency are shown in Fig. 6b and c. Since
the broadband response is mainly determined by the top-
layer pattern, the resistors on the bottom electrodes have
a minor impact and the spectral feature of broadband re-
flection suppression is largely the same as the one shown
in Fig. 3c. Remarkably, this broadband effect is quite
FIG. 6. (a) Design of meta-unit with modified bias elec-
trodes and additional resistors. we = 0.5 mm, re = 0.8 mm.
(b) and (c) The time-averaged reflectance at the carrier fre-
quency under different incident angles and polarizations. The
modulation duty cycle D = 0.5.
robust and can be maintained even when the incident
angle increases to around 40 degrees, thanks to the sub-
wavelength size of the meta-unit (∼ λ/4, λ is the central
wavelength of the operation frequency band).
[1] GA Rao and SP Mahulikar, “Integrated review of stealth
technology and its role in airpower,” The aeronautical
journal 106, 629–642 (2002).
[2] David Lynch, Introduction to RF stealth (SciTech, 2004).
[3] Nader Engheta and Richard W Ziolkowski, Metamateri-
als: physics and engineering explorations (John Wiley &
Sons, 2006).
[4] Stanislav B Glybovski, Sergei A Tretyakov, Pavel A
Belov, Yuri S Kivshar, and Constantin R Simovski,
“Metasurfaces: From microwaves to visible,” Physics re-
ports 634, 1–72 (2016).
[5] Patrice Genevet, Federico Capasso, Francesco Aieta, Mo-
hammadreza Khorasaninejad, and Robert Devlin, “Re-
cent advances in planar optics: from plasmonic to dielec-
tric metasurfaces,” Optica 4, 139–152 (2017).
[6] Fei Ding, Anders Pors, and Sergey I Bozhevolnyi, “Gra-
7dient metasurfaces: a review of fundamentals and ap-
plications,” Reports on Progress in Physics 81, 026401
(2017).
[7] Raj Mittra, Chi H Chan, and Tom Cwik, “Techniques
for analyzing frequency selective surfaces-a review,” Pro-
ceedings of the IEEE 76, 1593–1615 (1988).
[8] Ben A Munk, Frequency selective surfaces: theory and
design (John Wiley & Sons, 2000).
[9] Takashi Aoyagi, Yoshinobu Aoyagi, and Susumu
Namba, “High-efficiency blazed grating couplers,” Ap-
plied physics letters 29, 303–304 (1976).
[10] Junbo Feng and Zhiping Zhou, “Polarization beam split-
ter using a binary blazed grating coupler,” Optics letters
32, 1662–1664 (2007).
[11] D Berry, R Malech, and W Kennedy, “The reflectarray
antenna,” IEEE Transactions on Antennas and Propaga-
tion 11, 645–651 (1963).
[12] DM Pozar and TA Metzler, “Analysis of a reflectarray
antenna using microstrip patches of variable size,” Elec-
tronics Letters 29, 657–658 (1993).
[13] John B Pendry, David Schurig, and David R Smith,
“Controlling electromagnetic fields,” science 312, 1780–
1782 (2006).
[14] David Schurig, JJ Mock, BJ Justice, Steven A Cummer,
John B Pendry, AF Starr, and DR Smith, “Metamaterial
electromagnetic cloak at microwave frequencies,” Science
314, 977–980 (2006).
[15] Jensen Li and John B Pendry, “Hiding under the carpet:
a new strategy for cloaking,” Physical review letters 101,
203901 (2008).
[16] N I Landy, S Sajuyigbe, Jack J Mock, David R Smith,
and Willie J Padilla, “Perfect metamaterial absorber,”
Physical review letters 100, 207402 (2008).
[17] Fei Ding, Yanxia Cui, Xiaochen Ge, Yi Jin, and Sail-
ing He, “Ultra-broadband microwave metamaterial ab-
sorber,” Applied physics letters 100, 103506 (2012).
[18] Jingbo Sun, Lingyun Liu, Guoyan Dong, and Ji Zhou,
“An extremely broad band metamaterial absorber based
on destructive interference,” Optics Express 19, 21155–
21162 (2011).
[19] LiangKui Sun, HaiFeng Cheng, YongJiang Zhou, and
Jun Wang, “Broadband metamaterial absorber based on
coupling resistive frequency selective surface,” Optics ex-
press 20, 4675–4680 (2012).
[20] Li-Hua Gao, Qiang Cheng, Jing Yang, Shao-Jie Ma, Jie
Zhao, Shuo Liu, Hai-Bing Chen, Qiong He, Wei-Xiang
Jiang, Hui-Feng Ma, et al., “Broadband diffusion of ter-
ahertz waves by multi-bit coding metasurfaces,” Light:
Science & Applications 4, e324 (2015).
[21] Ke Chen, Li Cui, Yijun Feng, Junming Zhao, Tian Jiang,
and Bo Zhu, “Coding metasurface for broadband mi-
crowave scattering reduction with optical transparency,”
Optics express 25, 5571–5579 (2017).
[22] Anuj Y Modi, Constantine A Balanis, Craig R Birtcher,
and Hussein N Shaman, “Novel design of ultrabroad-
band radar cross section reduction surfaces using arti-
ficial magnetic conductors,” IEEE Transactions on An-
tennas and Propagation 65, 5406–5417 (2017).
[23] Kebin Fan and Willie J Padilla, “Dynamic electromag-
netic metamaterials,” Materials Today 18, 39–50 (2015).
[24] Mingkai Liu, Mohamad Susli, Dilusha Silva, Gino Pu-
trino, Hemendra Kala, Shuting Fan, Michael Cole,
Lorenzo Faraone, Vincent P Wallace, Willie J Padilla,
et al., “Ultrathin tunable terahertz absorber based on
mems-driven metamaterial,” Microsystems & nanoengi-
neering 3, 17033 (2017).
[25] Hodjat Hajian, Amir Ghobadi, Bayram Butun, and Ek-
mel Ozbay, “Active metamaterial nearly perfect light ab-
sorbers: a review,” JOSA B 36, F131–F143 (2019).
[26] Krzysztof Iwaszczuk, Andrew C Strikwerda, Kebin Fan,
Xin Zhang, Richard D Averitt, and Peter Uhd Jepsen,
“Flexible metamaterial absorbers for stealth applications
at terahertz frequencies,” Optics express 20, 635–643
(2012).
[27] Victor C Chen, Fayin Li, S-S Ho, and Harry Wechsler,
“Micro-doppler effect in radar: phenomenon, model, and
simulation study,” IEEE Transactions on Aerospace and
electronic systems 42, 2–21 (2006).
[28] Mingkai Liu, David A Powell, Yair Zarate, and Ilya V
Shadrivov, “Huygens metadevices for parametric waves,”
Physical Review X 8, 031077 (2018).
[29] Jie Zhao, Xi Yang, Jun Yan Dai, Qiang Cheng, Xiang Li,
Ning Hua Qi, Jun Chen Ke, Guo Dong Bai, Shuo Liu, Shi
Jin, et al., “Programmable time-domain digital-coding
metasurface for non-linear harmonic manipulation and
new wireless communication systems,” National Science
Review 6, 231–238 (2018).
[30] Lei Zhang, Xiao Qing Chen, Shuo Liu, Qian Zhang, Jie
Zhao, Jun Yan Dai, Guo Dong Bai, Xiang Wan, Qiang
Cheng, Giuseppe Castaldi, et al., “Space-time-coding
digital metasurfaces,” Nature communications 9, 4334
(2018).
[31] Roger L Peterson, Rodger E Ziemer, and David E
Borth, Introduction to spread-spectrum communications,
Vol. 995 (Prentice hall New Jersey, 1995).
[32] A Tennant, “Reflection properties of a phase modulating
planar screen,” Electronics Letters 33, 1768–1769 (1997).
[33] A Tennant and B Chambers, “Experimental phase mod-
ulating planar screen,” Electronics Letters 34, 1143–1144
(1998).
[34] B Chambers and A Tennant, “General analysis of the
phase-switched screen. part 1: The single layer case,” IEE
Proceedings-Radar, Sonar and Navigation 149, 243–247
(2002).
[35] Barry Chambers and Alan Tennant, “The phase-switched
screen,” IEEE Antennas and Propagation Magazine 46,
23–37 (2004).
[36] Letao Xu, Dejun Feng, and Xuesong Wang, “Improved
synthetic aperture radar micro-doppler jamming method
based on phase-switched screen,” IET Radar, Sonar &
Navigation 10, 525–534 (2016).
[37] Junjie Wang, Dejun Feng, Qihua Wu, Letao Xu, and
Weidong Hu, “Synthetic aperture radar target feature
transformation method based on random code phase-
switched screen,” IEEE Access 6, 41173–41178 (2018).
[38] Xiaoyi Wang and Christophe Caloz, “Spread-spectrum
selective camouflaging based on time-modulated meta-
surface,” arXiv preprint arXiv:1909.04480 (2019).
[39] Mohammad Mahdi Salary, Samad Jafar-Zanjani, and
Hossein Mosallaei, “Time-varying metamaterials based
on graphene-wrapped microwires: Modeling and poten-
tial applications,” Physical Review B 97, 115421 (2018).
[40] Christophe Caloz and Zoe´-Lise Deck-Le´ger, “Spacetime
metamaterials,” arXiv preprint arXiv:1905.00560 (2019).
[41] Kanghee Lee, Jaehyeon Son, Jagang Park, Byungsoo
Kang, Wonju Jeon, Fabian Rotermund, and Bumki
Min, “Linear frequency conversion via sudden merging of
meta-atoms in time-variant metasurfaces,” Nature Pho-
8tonics 12, 765 (2018).
[42] Amr Shaltout, Alexander Kildishev, and Vladimir
Shalaev, “Time-varying metasurfaces and lorentz non-
reciprocity,” Optical Materials Express 5, 2459–2467
(2015).
[43] Y Hadad, DL Sounas, and Andrea Alu, “Space-time
gradient metasurfaces,” Physical Review B 92, 100304
(2015).
[44] Sajjad Taravati and Christophe Caloz, “Mixer-duplexer-
antenna leaky-wave system based on periodic space-time
modulation,” IEEE Transactions on Antennas and Prop-
agation 65, 442–452 (2016).
[45] JW Zang, D Correas-Serrano, JTS Do, X Liu, A Alvarez-
Melcon, and JS Gomez-Diaz, “Nonreciprocal wave-
front engineering with time-modulated gradient metasur-
faces,” Physical Review Applied 11, 054054 (2019).
[46] Wankai Tang, Xiang Li, Jun Yan Dai, Shi Jin, Yong Zeng,
Qiang Cheng, and Tie Jun Cui, “Wireless communica-
tions with programmable metasurface: Transceiver de-
sign and experimental results,” China Communications
16, 46–61 (2019).
[47] Yu Han, Wankai Tang, Shi Jin, Chaokai Wen, and Xiaoli
Ma, “Large intelligent surface-assisted wireless commu-
nication exploiting statistical csi,” IEEE Transactions on
Vehicular Technology 68, 8238 (2019).
[48] Wankai Tang, Ming Zheng Chen, Jun Yan Dai, Yong
Zeng, Xinsheng Zhao, Shi Jin, Qiang Cheng, and
Tie Jun Cui, “Wireless communications with pro-
grammable metasurface: New paradigms, opportunities,
and challenges on transceiver design,” arXiv preprint
arXiv:1907.01956 (2019).
[49] Jiakun Song, Xiaoyu Wu, Cheng Huang, Jianing Yang,
Chen Ji, Changlei Zhang, and Xiangang Luo, “Broad-
band and tunable rcs reduction using high-order reflec-
tions and salisbury-type absorption mechanisms,” Scien-
tific reports 9, 9036 (2019).
[50] He-Xiu Xu, Shulin Sun, Shiwei Tang, Shaojie Ma, Qiong
He, Guang-Ming Wang, Tong Cai, Hai-Peng Li, and
Lei Zhou, “Dynamical control on helicity of electromag-
netic waves by tunable metasurfaces,” Scientific reports
6, 27503 (2016).
[51] Konstantin N Rozanov, “Ultimate thickness to band-
width ratio of radar absorbers,” IEEE Transactions on
Antennas and Propagation 48, 1230–1234 (2000).
